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Introduction
dominant-negative form of Mad with disrupted DNA-binding ability (36). When mad 1 was expressed 1 4 4 together with hiw△RING in nociceptors, the hypersensitive phenotype that was normally induced by 1 4 5 the expression of hiw△RING alone was not detected (Fig 2H) . Since neither expressing Mad 1 1 4 6 together with hiw△RING nor expressing Mad 1 alone in nociceptors induced insensitivity to noxious 1 4 7 heat ( Fig S3) , these results indicate that hypersensitive nociception caused by weak hiw loss of 1 4 8 1 7 1 accumulation of pMad signals in the cytoplasm of nociceptors ( Fig 4D and E) , which was also 1 7 2 observed with Hiw△Ring expression ( Fig 2C) . This cytoplasmic accumulation of pMad signals is 1 7 3 unlikely due to technical variability of immunostaining since the control samples treated in the same 1 7 4 staining solutions with HiwCT or Hiw△RCC1 never developed such accumulations and cells nearby 1 7 5 the nociceptors showed the normal pMad signal. In contrast, Hiw△HindIII and HiwCT1000 1 7 6 (C-terminal only region of Hiw) did not cause any changes in nuclear pMad signals in nociceptors 1 7 7 ( Fig 4C, F and H) . Thus, the attenuation of BMP signaling in nociceptors through Hiw appears to 1 7 8 depend on different regions of Hiw from those that have been proposed to be involved in the This conclusion is consistent with the behavioral nociceptive sensitization induced by the same 2 2 0 intracellular up-regulation of BMP signaling in nociceptors. Chronic up-regulation of BMP signaling in nociceptors caused sensitization of behavioral nociception 2 2 3 responses of larvae and an increased Ca 2+ response of nociceptors to noxious heat, but also 2 2 4 expansion of nociceptor terminals. To further separate the physiological and developmental effects of 2 2 5 BMP up-regulation in nociceptors, we acutely up-regulated BMP signaling. Using the temperature 2 2 6 sensitive repressor of GAL4 activity (GAL80 ts ) (42), we activated expression of tkv QD in larval nociceptors by shifting ppk-GAL4 UAS-Chr2::YFP tub-GAL80 ts animals to 30°C for 24 hours. We 2 2 8 then tested these larvae for sensitized optogenetic nociception. The acute induction of tkv QD induced 2 2 9 hypersensitivity in the optogenetic nocifensive responses and also significantly increased nuclear 2 3 0 pMad levels relative to controls ( Fig 7A and B) . However, no detectable axonal overgrowth was 2 3 1 induced by acute tkv QD expression ( Fig 7C and D) . Unfortunately, we were not able to investigate the 2 3 2 effects of this manipulation on nociception responses with a 39°C thermal stimulus because the 2 3 3 prolonged incubation at 30°C interfered with 39°C NEL behavior in both controls and experimental 2 3 4 animals ( Fig S5) . This latter finding indicates that the sensitivity of thermal nociception in Drosophila 2 3 5 is modulated by the ambient temperature of the environment. Collectively, these data demonstrate 2 3 6 that acute activation of BMP signaling in nociceptors is sufficient to sensitize larval nociceptive 2 3 7 response in the absence of detectable changes to axonal morphology. Taken together with our Ca 2+ imaging results, these data suggest a physiological, rather than a developmental, role for BMP 2 3 9 signaling in the regulation of nociceptor sensitivity. Identifying novel conserved molecular pathways that regulate nociception in model animals is a 2 4 2 promising strategy for understanding the molecular basis of pain signaling and pain pathogenesis 2 4 3 (43, 44). Using Drosophila, we found that both the E3 ligase Hiw and the downstream BMP signaling 2 4 4 pathway play crucial roles in regulating nociceptor sensitivity. The data we present in this study suggest that hiw has at least two distinct functions in the regulation 2 4 7 of nociceptor sensitivity. We found that strong loss-of-function mutants of hiw showed insensitivity to 2 4 8 noxious heat but hypersensitivity to optogenetic stimulation of nociceptors ( Fig 1A and C) . Since 2 4 9 expressing wild-type hiw in nociceptors of hiw mutants rescued both phenotypes, loss of hiw in 2 5 0 nociceptors is responsible for these two ostensibly opposing phenotypes (Fig 1A and C) . We also 2 5 1 found that nociceptor-specific expression of hiwRNAi or hiw△RING caused only hypersensitivity (Fig 1D and E) (16), indicating that the process that governs hypersensitivity is separable from the cause 2 5 3 of insensitivity. As insensitivity was epistatic to hypersensitivity in thermal nociception assays, we 2 5 4 used optogenetics to show that hypersensitivity is actually present in hiw genetic mutants as well as 2 5 5 in previously described RNAi animals. The use of optogenetic stimulation of neurons allowed us to 2 5 6 bypass the endogenous sensory transduction step(s) and to reveal this role. Our data suggest that 2 5 7 1 5 hiw is a) required for the negative regulation of a neural pathway that is downstream sensory 2 5 8 transduction and b) required to confer normal sensitivity to noxious heat via sensory transduction 2 5 9 pathways. As strong hiw loss of function causes reduced dendritic arbors (40) while hiw RNAi does 2 6 0 not (16), it is possible that the reduced dendrite phenotype accounts for the insensitivity of the strong 2 6 1 hiw alleles. Consistent with this hypothesis, many mutants that cause insensitive thermal nociception 2 6 2 are associated with a reduction in the dendritic arbor (16). The phenotypic difference between strong hypersensitive phenotypes observed in hiw mutants have different sensitivity to the dosage of hiw. This has also been seen in the larval motor neuron system where it has been demonstrated that two Our data also suggest that hiw may regulate distinct molecular pathways in motor neurons 2 6 9 and in nociceptors. In the larval NMJ, mutations of hiw or expression of hiw△RING cause a 2 7 0 diminished evoked excitatory junction potential (EJP) due to decreased quantal content in synaptic 2 7 1 vesicles (18, 20, 45) . However, this diminished evoked EJP phenotype is apparently opposite to the 2 7 2 hypersensitive nociception phenotype observed in this study. Thus the downstream targets and/or 2 7 3 pathways of Hiw in nociceptors may be distinct from those in motor neurons. We identified the BMP signaling pathway as an important signaling pathway in nociceptors 2 7 5 that is regulated downstream of hiw. In fly motor neurons, it has been proposed that BMP signaling is 2 7 6 1 6 a direct target of Hiw ligase (23). However, a later study reported that pMad up-regulation was not 2 7 7 detected in motor neuron nuclei in hiw mutants (30) and controversy has arisen over this interaction.
7 8
We found that nuclear pMad signals were up-regulated in hiw mutant nociceptors, and that this 2 7 9 molecular phenotype was rescued by wild-type hiw expression ( Fig 2) . In addition, we also detected 2 8 0 striking accumulation of pMad in both the nuclei and cytoplasm of nociceptors expressing Hiw 2 8 1 dominant negative proteins (Fig 2 and 4) . Finally, using UAS-mad 1 , we showed that a 2 8 2
Mad-dependent pathway is responsible for the hypersensitive thermal nociception caused by 2 8 3 hiw△RING expression ( Fig 2H) . Our data therefore support the idea that the nociceptor BMP 2 8 4 signaling pathway is regulated downstream from hiw. Although we demonstrated that BMP signaling is downstream of hiw in nociceptors, we have 2 8 6 yet to determine the precise mechanism for Hiw regulation of BMP signaling. Our genetic analysis 2 8 7 suggests that BMP signaling in nociceptors is regulated independently from the wnd pathway (Fig 3) . Wnd is the best characterized target substrate of Hiw in the regulation of NMJ morphology (30, 37-40, 2 8 9 46). Our expression analysis using various hiw deletion series showed that the set of hiw deletion 2 9 0 constructs that induced up-regulation of BMP signaling in nociceptors was not identical to the set that 2 9 1 induced abnormal synaptic morphology in motoneurons (38). This finding is somewhat consistent 2 9 2 with the existence of a Wnd-independent mechanism in the regulation of BMP signaling in Intriguingly, our expression study of the hiw deletion series showed that the expression of 2 9 6
HiwNT caused a prominent accumulation of nuclear pMad, while the expression of HiwCT or 2 9 7
Hiw△RCC1 caused accumulation of pMad signals in both the nuclei and cytoplasm in nociceptors 2 9 8 ( Fig 4C-E) . These data raise the possibility that Hiw is involved in at least two different mechanisms 2 9 9 which regulate pMad: one pathway affecting nuclear pMad and another for cytoplasmic pMad. Given 3 0 0 that hiw is a large protein with many functional domains for interacting with multiple molecules, the 3 0 1 notion that hiw is involved in multiple processes regulating various aspects of neuronal functions in We have presented a new physiological preparation for investigating the calcium levels in nociceptor in response to noxious heat in addition to its effects on behavior ( Fig 5 and 6 ). We also demonstrated 3 0 9 that acute activation of intracellular BMP signaling in nociceptors is sufficient for the nociceptive 3 1 0 sensitization (Fig 7) . Although it has been previously reported that BMP signaling in nociceptors is 3 1 1 required for nociceptive sensitization after tissue-injury in Drosophila (22), the mechanisms of the 3 1 2 regulation of nociception by BMP signaling was totally unknown. Our study provides the first 3 1 3 evidence that BMP signaling regulates calcium signaling in axon termini of nociceptors. The BMP signaling pathway plays crucial roles in various developmental processes, such as to homeostatically regulate synaptic function (similar to that seen in motor neurons). Again, our 3 2 1 study suggests that BMP signaling acts differently in nociceptors than in motor neurons. First, intracellular BMP signaling in motor neurons does not increase evoked EJP in larval NMJ (24, (27) (28) (29) . Second, interfering with BMP signaling with dominant negative Mad did not cause nociception 3 2 6 insensitive phenotypes ( Fig S3) (consistent with another study that found that nociceptor-specific 3 2 7 knockdown of BMP signaling components did not affect basal thermal nociception (22)). In contrast, homeostatic regulation of synapses (23, 35, 51) . Finally, local pMad signals were detected at NMJ as 3 3 0 well as at nuclei in motor neurons. This is relevant in that local pMad at the NMJ functions through a 3 3 1 non-canonical signaling pathway to regulate synaptic maturation (25, 34) . In the case of nociceptors, 3 3 2 however, pMad signals were undetectable at nociceptor axon termini ( Fig 2G) . Although a full understanding of the mechanisms through which BMP signaling regulates nociceptor sensitivity 3 3 4 requires further investigation, these results indicate that BMP signaling may act differently in the 3 3 5 nociceptors and motor neurons to regulate neuronal outputs. Phr1/MYCBP2 has been previously implicated in a negative regulation of nociception processing. Specifically, it has been reported that Phr1/MYCBP2 is expressed in DRG neurons, and that in the physiological regulation of mammalian nociceptors represents a fascinating topic for future regeneration/degeneration processes after axonal injury in both Drosophila and mammals (17, 54).
3 5 3
In flies, axonal injury leads to decrease of Hiw, which leads to the upregulation of Wnd that promotes 3 5 4
axonal degeneration in motor neurons (46). Phr1/MYCBP2 is also involved in promoting axonal 3 5 5 degeneration after sciatic or optic nerve axotomy (55). Smad1 is known to be activated and play an Canton-S and w 1118 were used as control strains as indicated. The other strains used in this study 3 6 6
were as follows: ppk1.9-GAL4 (60), UAS-mCD8::GFP (61), UAS-ChR2::YFP line C (4), hiw ND8 (18) , The thermal nociception assay was performed as described previously (3, 6, 10, 16, 64) . NEL latency 3 7 3
was measured as initial contact of the thermal probe on the lateral side of the larval body wall to the 3 7 4
completion of NEL (a 360° roll). Stimulation was ceased at 11 seconds. A thermal probe heated to 3 7 5
46°C was used to examine the insensitive phenotype since it usually evokes NEL in less than 3 3 7 6 seconds (3, 6, 10, 16, 65). A 39°C probe, which usually results in NEL in 9-10 seconds, was used to 3 7 7 examine thermal hypersensitivity, as using a lower temperature probe is important to detecting the 3 7 8
hypersensitive phenotype (16).
7 9
Optogenetic nociception assay 3 8 0
The optogenetic nociception assay was performed as described previously (5) used in the analysis of acute tkv QD induction (Fig 7) . Because male larvae show a lower were used to allow for more easily detectable hypersensitivity. Antibodies used in this study were as follows: rabbit anti-GFP (Invitrogen, 1:1000), mouse anti-GFP Wandering third instar larvae expressing mCD8::GFP in nociceptors were filleted and 3 9 4
immunostained as described above. To minimize variation due to processing controls, experimental 3 9 5 specimens were processed side-by-side within the same staining solutions. The dorsal Class IV 3 9 6 mutidendritic neuron (ddaC) was imaged in segments A4-6 (Zeiss LSM 710 with a 100x/1.4 3 9 7
Plan-Apochromat oil immersion or Olympus FV1200 with a 100x/1.4 UPLSAPO oil immersion). Z-stack images were converted to maximum intensity projections. To quantify nuclear pMad signals, The calculated background signal intensity was then subtracted from the nuclear pMad signal level.
0 4
Data are plotted as nuclear pMad levels normalized to that of the co-processed control specimens. captured and assembled to reconstruct the entire dendritic field of the three A4-6 ddaC neurons. Z-stack images were then converted to maximum intensity projections. Dendritic field coverage was 4 1 3 quantified as described previously (16). clones in order to sparsely label nociceptors. Six virgin females and three males were used to seed 4 1 7
vials containing a cornmeal molasses medium for a period of 2 days. The seeded vials were then 4 1 8
heat-shocked in a 35°C water bath for 30 minutes. After an additional 3 to 5 days, wandering third 4 1 9
instar larvae were harvested from the vials and dissected. In order to precisely identify the neurons and rat CD2 were detected using rabbit anti-GFP and mouse anti-rat CD2 primary antibodies, and Flip-out clones belonging to A1-7 segments were imaged and analyzed.
To analyze the projection patterns for axon terminals, the presence or absence of terminal Larvae raised in normal fly vials for 5 or 6 days at 25°C, or larvae raised on apple juice plates containing ATR for 4 days at 25°C, were transferred to 30°C for 24 hours. In every experiment, The ppk1.9-GAL4 UAS-GCaMP6m strain was crossed to either a control strain (w 1118 ) or UAS-tkv QD 4 4 9
strain. Activity of larval nociceptors were monitored at their axon terminals in the larval ventral nerve 4 5 0 cord (VNC), which was exposed for imaging by a partial dissection as follows: wandering third instar placed over the larval VNC and was used to gently press the nerve cord down onto a coverslip for was applied locally to one side of the A5 to A7 segments. The temperature of the thermal probe was the thermal probe to monitor the probe temperature, and the data were acquired at 4 Hz through a 4 6 6 2 6
digitizer USB-TC01 (National Instruments) and NI Signal Express software (National Instruments).
6 7
The acquired images and temperature data were analyzed using Matlab software (Mathworks).
6 8
Maximum intensity projections were generated from the time-series Z-stacks. Region of interest 4 6 9
(ROI) was selected as a circular area with a diameter of 6 pixels, whose center was defined as the 2. Gold MS, Gebhart GF. Nociceptor sensitization in pain pathogenesis. Nat Med. Regulates Synaptic Growth and Endocytosis by Inhibiting BMP Signaling in Drosophila. PLoS Genet. 
